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The transient pore pressure generation in a stratified seabed 
due to waves is not trivial. The variance in permeability and 
compressibility of submerged soil layers may give rize to 
locally unexpected effective stress changes and in some 
locations excess pore pressures that exceed common limits 
and seem to have a negative retardation [12]. It may reduce 
the local seabed stability and resistance against erosion or 
liquefaction. This paper explains these phenomena and 
discusses observations which show peculiar effects. 
I. INTRODUCTION 
The paper addresses special aspects of cyclic consolida-
tion, not commonly described in standard textbooks. After 
introduction of the fundamentals the attention is focussed 
on special effects and practical aspects. 
II. MULTI-DIMENSIONAL CONSOLIDATION 
Consider the storage equation in the process of porous 
flow in a deforming porous medium 
 ∇⋅q = - ∂ε/∂ t (1) 
where ∇⋅ is the divergence operator, q the specific dis-
charge (bulk flow velocity), ε the volumetric strain of the 
porous medium and t the time. The left hand side ex-
presses the net outflow (fluid volume per time) out of a 
unit bulk volume, and the right hand side the volumetric 
storage change per time. The minus sign expresses that 
loss of mass by outflow should match the shrinkage of 
storage (volumetric strain = volume change per unit vol-
ume). As such the equation is just a mass balance for an 
incompressible pore fluid. Introduction of Darcy’s law 
 q = - (κ/µ) ∇p (2) 
with ∇ the gradient operator, κ the intrinsic permeabil-
ity1, µ the pore fluid dynamic viscosity and p the excess 
pore pressure (in the absence of the hydrostatic compo-
nent) and the introduction of Hooke’s law for the porous 
medium 
 ε = - σ’/Ks = - (σ-p)/Ks (3) 
                                                           
1 Hydraulic permeability k is related to the intrinsic per-
meability κ by k = κγ/µ, where γ represents the fluid 
volumetric weight. It appears in Darcy’s law when ex-
pressed in terms of the piezometric head: q = -k∇φ.  
with σ’ the effective (isotropic) stress, σ the total (iso-
tropic) stress and K the bulk modulus2, renders the storage 
equation (1) into 
 ∇⋅κ/µ∇p = - (1/Ks)(∂σ/∂t - ∂p/∂t) (4) 
If the medium is homogeneous (κ, µ and Ks are uni-
form) this becomes 
 ∇⋅∇p = (1/c)(∂p/∂t - ∂σ/∂t)    (5) 
with c = κKs/µ = kKs/γ, referred to as the consolidation 
coefficient for incompressible pore water. The compressi-
bility of the porous fluid β can be encountered in c, ac-
cording to [1]  
 c = kKs/(γ(1+nβ /Ks) (6)  
Then, also the compressibility factor a is involved, see 
(28). Equation (5) is the so-called storage equation, which 
together with equilibrium equations, boundary conditions, 
initial state and constitutive soil behaviour describes the 
process of multi-dimensional consolidation. 
III. AVERAGED CYCLIC CONSOLIDATION 
A. The Simple Method; Boundary Loading. 
If the total stress σ is uniform and constant in time, the 
field response (5) is described by  
 c∇ 2p = p,t (7) 
At the drained boundary A1 harmonic loading is applied 
 p1 = H cos[ωt]   at   A1  (8) 
The harmonic solution, employing complex algebra, 
seeks the real part of the complex response according to 
(7) subjected to the complex extension of the loading 
 p1 = H exp[iωt]  (9) 
                                                           
2 The choice of the bulk modulus Ks in expressing the 
state of the porous medium implies a constraint to the 
type of loading, i.e. an isotropic state. For other states 
corresponding parameters are to be introduced, i.e. for a 
laterally confined state Ks should be replaced by Ks+ 
4/3G. 
Since a harmonic response is considered, everywhere 
the pore pressure has identical frequency. Thus 
 p = P exp[iωt] (10) 
where P is only a function of space. Equation (7) be-
comes 
 c∇ 2P = iω P (11) 
A simple solution is sought by averaging over space, re-
ferred to as the simple method [11], rendering (11) into,  
 c∫∫∫∇ 2PdV = iω ∫∫∫ PdV (12) 
Introduction of average field pressures 
 P = ∫∫∫ PdV / V   and   p = ∫∫∫ pdV / V (13) 
and assuming an approximate 2D parabolic distribution 
of the field pressure, see sketch underneath, 
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so that 
 ∫∫∫∇ 2PdV = ∫∫∇PdA =  3(H -P) A1 /L1 (14) 
where, A1 is the drained surface and L1 the relevant flow 
path, renders (12) into 
 P = H (1-iα)/(1+α 2) (15) 
with α = ω L1L2 /3c and L2 = V/A1, a hydraulic radius 
expressing the drainage capacity. The total harmonic re-
sponse is therefore 
 p = P exp[iωt] = H exp[iωt] (1-iα)/(1+α2) (16) 
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Figure 1.  Harmonic response to cyclic boundary loading 
The real part of this expression, the response we are 
looking for, becomes after some elaboration 
 Re[p ] = H cos[ωt - η] /√[1+α 2] (17) 
where η = arctan[α]. Solution (17) presents a response 
with a decay of  1/√[1+α2] and a delay of η /ω, as shown 
in Figure 1. 
B. The Simple Method; Total Loading. 
If boundary pressure p is constant (zero), but total stress 
σ is uniform and harmonic in time 
 σ = H exp[iωt] (18) 
then the field response (5) is described by 
 c∇ 2p = p,t - σ,t (19) 
The pore pressure will be harmonic with the same fre-
quency. Thus, (10) applies and (19) becomes 
 c∇ 2P = iω (P – H) (20) 
Volume average yields  
 c∫∫∫∇ 2PdV = iω ∫∫∫ (P – H)dV (21) 
Introduction of average field pressures according to 
(13), and assuming an approximate 2D parabolic distribu-
tion of the field pressure, see sketch underneath, 
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gives 
 ∫∫∫∇ 2PdV = ∫∫∇PdA = - 3PA1/L1 (22) 
This renders (22) into 
 P = H iα (1-iα)/(1+α 2) (23) 
The total harmonic response is therefore  
 p = P exp[iωt] = H exp[iωt] iα (1-iα)/(1+α 2) (24) 
t 
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Figure 2.  Harmonic response to cyclic total loading 
The real part of this expression  yields 
 Re[p ] = H α cos[ωt + π/4 - η ] /√[1+ α 2] (25) 
Solution (25) presents a response with a decay of 
α/√[1+α 2], and a delay of (-π/4 + η)/ω, which is a nega-
tive delay for η > π/4, see Figure 2. The condition η > π/4 
complies with α = ω L1L2 /3c < 1. For a sandy seabed, 
under cyclic loading with a period in the order of T = 10s 
or ω = 2π/T = 0.63, and length scales L1 and L2 in the or-
der of decimeters (which is rather likely, see chapter IV), 
the condition of negative delay, i.e. α < 1, is met for a 
seabed consolidation coefficient c larger than the order of 
ω L1L2 /3 = 2 10-3 m2/s, which is also likely in many cases. 
 For a soft clayey seabed, the length scales L1 and L2 are 
normally in the order of decameters and the corresponding 
consolidation coefficient c is usually in the order of 10-5 
m2/s, or smaller. In this case the condition of negative 
delay, i.e. α < 1, is met for slower waves, like tidal waves, 
where ω is in the order of 10-4 rad/s. 
The observed transient excess pore pressure response in 
coastal zones due to tidal water level changes shows a 
damped response with, indeed, a negative delay (the peak 
response occurs earlier than the peak loading). Already in 
1904 Honda [2] noticed a negative delay in the potential 
tidal response in Yokohama and in 1916 Friedrich [3] 
observed the same in Lubeck. Unknown subsoil water 
streams were thought to be the cause! In 1933 Franx no-
ticed a similar behavior during construction of the Park 
sluice in Rotterdam, and in the same year Steggewentz 
wrote a PhD-thesis on the tidal response [4]. No explana-
tion was offered. Later, De Lange and Maas [5] found an 
explanation for the negative delay based on the principle 
of superposition for rivers with a limited width. The phe-
nomenon was finally understood after a close inspection 
of the physical process that takes place, in fact, as a con-
sequence of the effective stress principle [6] [7] [12].  
The understanding that the maximum induced pore 
pressure under the leeside of a dike may occur without 
any delay or even earlier than maximum river level, was 
important for the decision when, after critical high river-
waters in 1995, evacuated inhabitants of the Dutch cities 
in danger of inundation could safely return to their homes. 
IV. 1D-UNFORM CYCLIC CONSOLIDATION 
A. Homogneous Case 
Consider a typical case of a cyclic loaded seabed. The 
loading is in terms of total stress 
 σ = σ0 cos(ωt) (26) 
can be decomposed into pore pressure and effective 
stress, using Terzaghi’s effective stress rule, according to 
 p = λσ0 cos(ωt)   and   σ’ = (1-λ) σ0 cos(ωt) (27) 
where λ is a value between 0 and 1, and as such cover-
ing all practically possible situations. For λ=1 it refers to 
free waves on a seabed, for λ=0 to a cyclic loaded shallow 
submerged foundation on a drained layer, see Figure 3.  
The consolidation process in the soil is according to (5) 
and (6) described by 
 cp,zz = p,t - aσ,t    with    a = (1+nβ/αs)-1 (28) 
where αs represents the laterally confined compressibil-
ity, equal to 1/ K+ 4/3G, and c is defined by k/(γ(αs+nβ). 
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Figure 3.  Cylcic consolidation on a seabed 
Equilibrium at the bottom yields σ = σ0 cos(ωt). At the 
bottom both phases do not move relatively. The flow term 
becomes zero, which yields, applying (28) 
 p,t - aσ,t = 0    or    p = aσ + constant (29)  
The constant can be identified with the effect of volu-
metric weight (hydrostatic pressure). Because, here, ex-
cess pore pressures are considered, this constant is zero. 
The internal stress state at the bottom becomes 
 p = aσ0 cos(ωt)   and   σ’ = (1-a) σ0 cos(ωt) (30) 
Introduction of the variable  w = aσ - p yields for (28), 
keeping in mind that σ is only a function of t and not of z 
 cw,zz = w,t (31) 
with boundary conditions 
z = 0: w = aσ - p = (a-λ) σ0 cos(ωt) (32a) 
z = D  (bottom): w = aσ - p = 0 (32b) 
An harmonic solution is found by considering the re-
sponse of the system to the complex excitation: exp(iωt), 
by stating that 
 w(z,t) = W(z) exp(iωt) (33) 
Inserting this into equation (31) yields 
 cW,zz = iωW (34) 
which has a general solution according to 
 W = (a-λ) σ0 exp[-z√(iω/c)] (35) 
It is assumed that the layer is relatively thick, which 
implies a condition that there z√(iω/c) is large, or the sea-
bed layer D >> √(c/ω). The total solution is found by 
combining (33) and (35) 
 w = (a-λ) σ0 exp[-z√(iω/c) + iωt] (36) 
Splitting this formula into a real and an imaginary part 
yields with √i = (1+i)/√2 
w = (a-λ) σ0 exp[-ζ + i(ωt - ζ)]    with   ζ = z√(ω/2c) (37) 
or 
 w = (a-λ) σ0 exp(-ζ) [cos(ωt-ζ) + isin(ωt-ζ)] (38) 
The real part is the response to the real part of the load-
ing according to (26), which is w(z=0)=(a-λ) σ0 cos(ωt). 
Hence, the final solution becomes 
 w = (a-λ) σ0 exp(-ζ) cos(ωt-ζ) (39) 
The corresponding pore pressure and effective stress 
become, using w = aσ - p and (26) 
 p = aσ-w = aσ0 [cos(ωt) - (1-λ/a)exp(-ζ)cos(ωt-ζ)] (40) 
 σ’= σ-p = σ0 [(1-a)cos(ωt)+(1-λ/a)exp(-ζ)cos(ωt-ζ)] (41) 
For the investigation of the behaviour of pore pressure 
and effective stress, formula (40) is rewritten in the form 
of an amplitude P and a phase shift ψ, according to 
 p = P cos(ωt + ψ) (42) 
With 
 ξ=1-λ/a  (43a) 
 A = 1-ξexp(-ζ)cos(ζ) (43b) 
 B = ξexp(-ζ)sin(ζ) (43c) 
 ψ = atan (B/A) (43d) 
equation (40) becomes 
 p = aσ0 [Acos(ωt) - Bsin(ωt)] (44) 
which can be elaborated into 
 p = aσ0 √(A2+B2) cos(ωt + ψ) (45) 
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Figure 4.  Pore pressure amplitudes P and (negative phase) shifts ψ 
Finally, using (42) and (43), the amplitude and phase 
shift become 
 P = aσ0 √(1 - 2ξexp(-ζ)cos(ζ) + ξ2exp(-2ζ)) (46a) 
 ψ = atan[ξsin(ζ)/{exp(ζ) - ξcos(ζ)}] (46b) 
The graphical representation of these formulas is given 
in Figure 4 for the cases λ = 0, 0.25, 0.5, 0.75 1.0, and 
a = 0.9.  
In Figure 5, the case: λ=0 (ξ=1), which refers to a shal-
low submerged foundation on a filterbed, subjected to a 
effective cyclic loading, is shown separately. 
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Figure 5.  Pore-pressure amplitude and phase shift, case: λ=0, a=0.9 
The case λ = 0, shown in Figure 5, reveals that at cer-
tain depth ζ > 1.45 or z > 2.06√(c/ω) the amplitude P be-
comes larger than the partial loading aσ0. A maximum is 
found at z = 3.25√(c/ω) of 1.07aσ0. In case of incom-
pressible water, the pore pressure is there 7% larger than 
the total loading σ0. The phase shift ψ shows that in the 
area 0 < z < π√(2c/ω) the local maximum of p arrives be-
fore the maximum of the loading, in fact a negative phase 
shift or a negative delay. For z = 0 this negative phase 
shift is at maximum π/4, with a local amplitude equal to 
zero. The negative phase shift is small, about 0.03π, when 
p reaches its maximum at z = 3.25√(c/ω), see Figure 4 and 
5. Hence, the maximum pore pressure response and the 
maximum loading will hardly show any phase shift. For A 
set of isochrones for the induced pore pressure for the case 
of a fully drained surface (λ = 0) including the effect of 
pore fluid compressibility, i.e. for a = 0.9 or nβ = 0.1αs, is 
presented in Figure 6. 
The value √(c/ω) has dimension of length. For sand: c ≈ 
0.01 and for clay: c ≈ 10-5 m2/s. For tidal loading, ω ≈ 1.45 
10-4 1/s, this length becomes for sand: √(c/ω) = 8.3m, and 
clay: √(c/ω) = 0.26m. For large waves with a period of 
T=10s this becomes (ω=2π/T=0.63 rad) for sand: √(c/ω) = 
0.13m, and for clay: √(c/ω) = 0.003m. Hence, consolida-
tion takes place neart the seabed surface, and the assump-
tion of a 1-D schematization is valid, because the wave 
length is in both cases much larger than the consolidating 
zone. The effective stress σ’ can be treated in the same 
way. The amplitude is the counterpart of p because at any 
moment their sum is equal to the loading amplitude aσ0. 
Hence. the effective stress amplitude σ’ is also presented 
in the graph of P of Figure 5. In a zone beyond z = 
2.06√(c/ω) the induced effective stress becomes negative 
(tensile). Because of hydrostatic stress (gravity is not in-
cluded in this analysis) tensile stresses may not occur, but 
lower effective stress does occur. 
ζ
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Figure 6.  1D-isochrones of pore pressures due to cyclic loading  
This particular example shows three typical effects of 
cyclic consolidation: (1) the maximum pore pressure at 
some moments may exceed the maximum total loading, 
(2) the generated effective stresses may become tensile, 
and (3) there is a negative delay in the response. More-
over, these phenomena may take place in a relatively 
small zone near the border, which with regard to the 
wavelength supports the validity of the 1-D approach. 
B. Heterogeneous Case 
Next, consider a stratified subsoil, i.e. a two-layer sys-
tem. The upper layer is defined in the range 0 < z < D, and 
the second layer in the range z > D. At the boundary z = 0 
a cyclic loading is imposed, according to (27). Solution 
(40) can be applied to both layers. However, at the layer 
separation, z = D, two physical conditions have to be sat-
isfied. The pore pressure is continuous and the flux across 
the interface is preserved. Therefore, the solution of a fi-
nite layer is required in the upper layer. In terms of w, 
following (39) the solution for the upper layer becomes 
 w =w0 exp(-ζ1) cos(ωt-ζ1) + w1 exp(ζ1) cos(ωt+ζ1) (47) 
with ζ1 = z√(ω/2c1) and 0 < z < D. At the boundary, 
z = 0, the following holds 
 w0 + w1 = λaσ0 (48) 
In the second layer, solution (39) applies, as 
 w =w2 exp(-ζ2) cos(ωt-ζ) (49) 
with ζ2 = z√(ω/2c2) and z > D. The two conditions at 
the interface and boundary condition (48) determine 
uniquely the integration constants w0, w1 and w2.  
To avoid lengthy computations here, just the solution 
for the case of a fully drained seabed, i.e. λ =0, and an 
incompressible pore fluid, i.e. β = 0 (a = 1), is presented 
0 < z < D: 
 p = σ0(cos(ωt) - ((1-δ) exp(χ1) cos(ωt+χ1-ψ) + 
 (1+δ) exp(-χ1) cos(ωt-χ1-ψ)) / 2N) (50a) 
z > D: 
 p = σ0(cos(ωt) - exp(-χ2) cos(ωt-χ2-ψ) / N (50b) 
with 
χ1 = (z-D)√(ω/2c1)   and   χ2 = (z-D)√(ω/2c2) 
δ = (k2√(ω/2c2) / (k1√(ω/2c1)  
ψ = arctan(A/B)   and   N = √(A2+B2) 
A = cos(D√(ω/2c1))(cosh(D√(ω/2c1) + δ sinh(D√(ω/2c1)) 
B = sin(D√(ω/2c1))(sinh(D√(ω/2c1) + δ cosh(D√(ω/2c1)) 
In Figure 7 two situations are presented for incom-
pressible pore water. Note, that the maximum pore pres-
sure occurs at the layer separation and is in the order of 
1.11σ0, exceeding the loading by 11%, in this case.  
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Figure 7.  1D-isochrones of cyclic pore pressures in a 2-layer system 
The gradient p,z in the second layer at the interface is of 
particular interest concerning internal stability (filter sta-
bility and suffosion). It is expressed by 
 p,z = σ0√(ω/c2) cos(ωt-ψ+π/4) / N (51) 
This particular example shows (1) that, in a two-layered 
stratified porous medium, maximum cyclic pore pressures 
take place at the interface and they may exceed the total 
loading up to ~20%, and (2) local pore fluid gradients at 
the interface in the finer bed are relatively large. 
V. 2D-EFFECTS OF CYCLIC CONSOLIDATION ON 
SEABEDS 
A. Free Running Waves 
In the previous chapters it is outlined that special local 
pore pressure effects occur in zones near the boundary or 
interfaces in layered seabed soils. These zones are small in 
comparison to the wavelength. Hence, the 1-D approach is 
valid. However, 2-D effects may be significant, which is 
elucidated by the following example. 
Consider a three-layered submerged soil profile, which 
is subjected to sea waves. The waves produce a running 
cyclic water pressure at the sea bottom, as a total loading 
since at the sea bottom the effective stress is zero, σ’ =0. 
This loading is characterised by a pore pressure with an 
amplitude H, wavelength L and wave period T = 2π/ω. 
The first layer consists of silty sand, the second of stiff 
sea-gravel and the third of sandy clay. The geometry and 
relevant soil properties are presented in Figure 8. 
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Thickness D      [m] 3 5 > 20 
Porosity  n       [-] 0.3 0.4 0.35 
Saturated weight  γ  [kN/m3] 19.5 18.0 16.5 
Permeability      k     [m/s] 10-5 10-3 10-7 
Compressibility  αs  [m2/MN] 0.1 0 1 
Wave height 2H/γ  [m] 5 
Wave period T       [s] 15 
  
Figure 8.  Three-layered seabed and its characteristic parameters 
Assuming incompressible water, i.e. a = 1.0, applica-
tion of  (40) and (41) for free waves, i.e. λ = 1, for the first 
layer results in  
 p = σ0 cos(ωt)   and    σ’ =0 (52) 
Hence, the water pressure at the sea bottom is trans-
ferred to the second layer without any change. Because of 
the relatively rigid and permeable condition of the second 
layer, the induced pore pressures will spread in this layer 
almost instantaneously; the wave top and wave trough are 
significantly damped. In the extreme case, the pore pres-
sure in the second layer is just the average of the wave 
loading. This phenomenon causes to effects: (1) the pore 
pressure changes will invoke a local consolidation effect 
in the lower part of the top layer, restricted to a narrow 
zone in the order of √(ω/c1) (for the data given in Figure 8, 
some centimeters), and (2) in the second layer the effec-
tive stress σ’ will change as to comply with the total load-
ing; thus 
 p =  0    and    σ’ =σ0 cos(ωt) (53) 
This represents a condition for the third layer, according 
to (40) and (41) with a = 1.0 and λ = 0, and hence the pore 
pressure response in layer 3 complies with 
 p = σ0 [cos(ωt) - exp(-ζ)cos(ωt-ζ)] (54) 
 σ’= σ0 exp(-ζ)cos(ωt-ζ) (55) 
Figure 5 describes the situation in layer 3 precisely. In 
conclusion, one may expect little to no effects in layer 1 
and layer 2, but in layer 3 local excess pore pressures and 
high local gradients at the interface will occur. Figure 9 
shows the result of corresponding maximum pore pres-
sures at the wave top and wave trough. As discussed be-
fore, there will be hardly any phase shift. Hence, the sea-
bed is subjected to serious local wave induced effects, 
particularly at the layer interfaces, which may jeopardise 
the internal filter stability. 
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Figure 9.  Pore pressure amplitude response and local effects (inset) 
B. Rocking Rigid Foundations  
A semi-submerged coastal structure, founded on a filter 
bed and subjected to wave loading, will rock on its foun-
dation. These movements will cause deformation in the 
seabed and hence water pressures in the subsoil, distin-
guished as induced pore pressures. Free (standing) waves 
before the structure may also generate induced pore pres-
sures in the subsoil. Thus, the situation at the edges of the 
foundation involves two phenomena; in fact, a combina-
tion of the cyclic pore pressure generation, as presented in 
Figure 3, for λ = 1 (free-wave loading) and λ = 0 (effec-
tive drained loading), in a 2-D setting, see Figure 10. Al-
though the cyclic character of this induced phenomenon 
will probably not create serious pore water flow, large 
local pore water gradients may occur occasionally, which 
invokes migration of particles, and without proper precau-
tionary measures it can affect the stability of the structure.   
 
 p = σ0cos (ωt)  σ’ = σ1cos (ωt) 
 
Figure 10.  Combined conditions at the edge of a coastal structure 
An example of a numerical simulation of a 2-D con-
solidation process involving the previously described con-
dition at the edge of a rocking coastal structure, on a shal-
low foundation and subjected to wave loading, is pre-
sented in Figure 11 and 12. Figure 11 shows a soft seabed 
with on top one coarse, relatively stiff and permeable filter 
layer, and Figure 12 shows a soft seabed, with on top a 
two-layer filter bed consisting of coarse and finer and 
softer material. The pore water is assumed compressible, 
as air intrusion due to wave action is rather likely. 
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Figure 11.  Rocking coastal structure on a single layer filter bed [7] [8] 
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Figure 12.  Rocking coastal structure on a two-layer filter bed [7] [8] 
In above pictures iso-porepressure lines are presented, 
tagged with a number that shows the excess pore pressure 
relative as a fraction of the maximum loading by the rock-
ing structure. Local zones of high pressures are observed, 
in agreement with aspects discussed in Chapter IV and V. 
Proper modeling of local gradients in these zones near 
interfaces of the filter bed is achieved by a fine FEM 
mesh. These gradients are essential in the design of a sta-
ble filter bed under extreme loading conditions. 
VI. FIELD OBSERVATIONS 
At Zeebrugge, situated on the Belgium coast, an outer 
harbour has been constructed with breakwaters of rubble 
mound type founded on a dumped sand layer. In order to 
gather information about the pore pressure distribution in 
the dumped sand layer and in the top zone of the underly-
ing natural seabed layers, and about the pore pressure 
changes due to tides and waves, special field measure-
ments have been conducted by means of electrical pore 
pressure measuring devices, mounted at 7 levels in the 
shaft of a cone shaped steel probe of 13m length (Figure 
13). The submerged soil profile – local normal mean sea 
level is about 5m above the seabed – contains several lay-
ers of coarse sand with some bolders, together about 10m 
Thick, dumped on the original seabed, which consists of a 
small layer of clayey sand on top of a thick clay deposit 
(Bartoon clay). 
Some of the reported measurments [9] are shown (Fig-
ure 13), one referring to tides and one referring to waves. 
    
A
B
D
E
F
P
WAVES TIDES 
sea bottom 
gravel
dumped
coarse 
sand 
bolders 
sand 
dumped
coarse 
sand 
bolders 
clayey 
sand 
clay 
13m 
A 
B 
C 
D 
E 
F 
P 
 
Figure 13.  Field data of tidal and wave pore pressure response [9] [10] 
The difference in amplitude damping is clearly ob-
served. Tides do not damp in the coarse layers; they do in 
the clay seabed, probably due to the effect of air or gas 
bubbles. Waves are damped significantly, probably due to 
local differences in compressibility. Note, the local de-
crease of amplitude at level C, which is due to local gas 
bubbles or to horizontal averaging effects discussed in 
Chapter V. It is remarkable that, for both cases, there is no 
phase shift at all for the tides and a very small phase shift 
for the waves, which support the theory discussed in the 
previous chapters. 
VII.  CONCLUSION 
In practice, one commonly interpretes cyclic pore pres-
sures, such as shown in Figure 13, by applying the well-
known formula for cyclic-damped response from the the-
ory of heat conduction, which states 
 p = p0 exp(-ζ)cos(ωt-ζ)] (56) 
This is not correct, since it violates the principle of ef-
fective stress and the fact that the total loading by waves, 
tides or rocking submerged structures is transferred as a 
body force instead of a boundary force. Moreover, one 
will miss in this way specific phenomena, such as rela-
tively large excess pore pressures and large local gradi-
ents, which may be important for the design. This paper 
explains which approach is proper and which effects can 
be expected. 
LIST OF SYMBOLS 
Symbol Unit Formula Definition 
a - 1/(1+nβf /αs) coefficient 
A -  parameter, constant 
A1 m2  boundary surface 
B -  parameter, constant 
c m2/s ka/γαs consolidation coefficient 
D m  soil layer thickness 
g m/s2  gravity acceleration 
G N/m2  shear modulus 
H N/m2  wave pressure amplitude 
2H/γ m  wave height 
k m/s κγ/µ hydraulic permeability 
Ks N/m2  bulk modulus 
L m  wavelength 
L1 m  average flow path, length scale 
L2 m V/A1 drainage capacity, length scale 
n -  porosity 
N -  parameter, constant 
p N/m2  pore pressure, field variable 
p1 N/m2  boundary pore pressure 
P N/m2  spacial pore pressure 
p N/m2  average pore pressure 
P N/m2  spacial average pore pressure 
q m/s  bulk velocity 
t s  time coordinate 
V m3  (bulk) volume 
T s 2π/ω wave period 
w  N/m2 aσ - p stress variable 
W N/m2  spacial stress variable 
z m  space coordinate 
αs m2/N 1/ (Ks + 4/3G) laterally confined compressibility 
α - ω L1L2 /3c coefficient 
β m2/N  pore fluid compressibility  
γ N/m3 ρg specific (water) weight 
η rad atan(α) delay; phase shift 
ε -  strain 
δ - (K2√(ω/2c2) / (K1√(ω/2c1) parameter, constant 
κ m2 kν/g intrinsic permeability 
λ -  coefficient 
µ N/sm νρ dynamicfluid viscosity 
ν m2/s  kinematic fluid viscosity 
ρ kg/m3  fluid density 
σ N/m2  total stress 
σ’ N/m2 σ’ + p effective stress 
σ0 , σ1 N/m2  loading (total) stress amplitude 
ψ rad  delay; phase shift  
χ - (z-D)√(ω/2c) relative space coordinate 
ω rad/s 2π/T angular velocity 
ξ  1 - λ/a coefficient 
ζ, ζ1, ζ2 - z√(ω/2c) relative space coordinate 
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